Studies were conducted to examine the effects of adrenalectomy (ADX) 
Introduction
Adrenal corticosteroid hormones play an important role in the regulation of salt and water excretion by the kidneys. Addisonian patients and animals deficient in these hormones have a decreased ability to generate a maximally concentrated urine (1) (2) (3) . Sodium reabsorption by the loop of Henle is decreased in adrenalectomized rats, which suggests that part of the defect in the ability to concentrate the urine results from a reduction in the single effect of the countercurrent multiplier in the thick ascending limb of Henle's loop (4) (5) (6) (7) (8) . In addition, some but not all studies have shown that adrenalectomy reduces potassium reabsorption in the loop of Henle (6, 9, 10) . Attempts to assess the effects of selective mineralocorticoid and glucocorticoid replacement on sodium and potassium reabsorption by the loop of Henle in adrenalectomized animals have yielded contradictory results (4) (5) (6) (7) (8) .
One important factor bearing on this controversy is the use by some investigators ofinappropriately high doses ofaldosterone and glucocorticoids, which results in nonspecific binding of the hormone to both classes ofadrenal corticosteroid receptors (1 1) . A second difficulty in interpreting many studies is the occurrence, Portions of this work have been published in abstract form (1986. Kidney Int. 29:407) .
Receivedfor publication 15 May 1986 and in revisedform 8 August 1986. after adrenalectomy and hormone administration, of changes in glomerular filtration rate and the delivery of sodium and water to the loop of Henle, factors known to have important influences on sodium reabsorption by the loop (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) . For example, since glucocorticoids enhance glomerular filtration rate and increase salt and water delivery to the loop of Henle, it is difficult, by free-flow micropuncture techniques, to separate a direct effect of glucocorticoids from these indirect stimulatory factors.
Adrenal corticosteroids also regulate sodium reabsorption and potassium secretion by the distal tubule (6, 19, (21) (22) (23) (24) . However, the long-term effects of physiological levels of these hormones on the distal tubule have not been examined.
The present study was conducted to overcome the above shortcomings by administering physiological doses of the hormones and by controlling tubule fluid flow rate and composition through microperfusion of single tubules, in situ.
Methods

Experimental protocol
Experiments were conducted on male Sprague-Dawley rats (Charles River Breeding Laboratories, Inc., Boston, MA.) ranging in weight from 240 to 254 g. Animals were anesthetized with Nembutal (35 mg/kg body wt i.p.) and were either sham-adrenalectomized or adrenalectomized 10 d before study. At the time of adrenalectomy an Alzet osmotic minipump (2002, Alza Corp., Palo Alto, CA) was implanted in the neck of each animal to permit infusion ofeither vehicle, aldosterone, or dexamethasone for 10 d as described below.
Group 1: control. Sham-control that received vehicle (polyethylene glycol 400, J. T. Baker Chemical Co., Phillipsburg, NJ) as described previously (20) . Group 2: ADX.' adrenalectomized animals that received vehicle only.
Group 3: DEX. adrenalectomized animals that received dexamethasone (1.2 ug/I00 g body wt).
Group 4: ALDO. adrenalectomized animals that received aldosterone (0.5 gtg/l00 g body wt).
We have shown previously that the dose of dexamethasone used was the lowest that increased glomerular filtration rate and plasma levels of insulin and glucose in adrenalectomized rats to values measured in shamadrenalectomized animals (20) . Furthermore, rats given this dose exhibited normal weight gain (see Results). The replacement dose ofaldosterone was chosen because it resembled the daily secretory rate in rats and resulted in plasma levels of aldosterone similar to those measured in awake, unstressed rats on the same dietary intake (20) .
After surgery and minipump implantation, all aninials were pair-fed (Prolab 3000 rat diet; Agway, Inc., Trenton, NJ, potassium content 1.5% and sodium content 0.58%); sham-controls were given distilled water to drink ad lib. whereas the animals in the other three groups were given a solution containing 0.9% sodium chloride and 1.2% dextrose ad lib.
On the day of study, rats were anesthetized with inactin (Byk Gluden, 1 . Abbreviations used in this paper: ADX, adrenalectomized animals that received vehicle only; ALDO, adrenalectomized animals that received aldosterone (0.5 gg/l00 g body wt); DEX, adrenalectomized animals that received dexamethasone (1.2 jig/100 g body wt).
Konstanz, Federal Republic of Germany), 100 mg/kg body wt i.p., and prepared for micropuncture as described previously (24) . The right carotid artery was catheterized to allow for blood pressure monitoring and periodic blood sampling for measurement of sodium and potassium. The left jugular vein was cannulated to allow for fluid administration. Immediately after insertion of the venous catheter, all rats were given a 2-ml bolus of a Ringer's solution (NaCl, 115 mM, NaHCO3 25 mM; KCI, 4 mM; MgCI2, 1 mM; CaCI2, 1 mM; Na2HPO4, 1.62 mM; and NaH2PO4, 0.38 mM) followed by a continuous infusion of this fluid at a rate of 4.7 ml/h. In adrenalectomized animals with no hormone replacement (group 2), polyvinylpyrolidine (3%) was added to the Ringer's solution to maintain glomerular filtration rate and renal blood flow near normal values (20, 25) .
Continuous microperfusion of superficial loops of Henle, in situ, was performed to measure sodium, potassium, and water transport under conditions of constant flow rate and sodium delivery. This technique has been described in detail previously (16) (17) (18) and involved pumpdriven microperfusion from the late proximal tubule to an early distal tubule of the same nephron. Briefly, a perfusion pipette was placed in the last surface loop of the proximal tubule and a castor oil block was placed upstream of the perfusion pipette. A vent was made upstream of the castor oil block to allow glomerular filtration in that nephron to continue. A pipette filled with stained (Sudan Black) heavy mineral oil was inserted into the early distal segment and was used to collect fluid during a timed interval. The perfusion pipette contained a solution similar in composition to that normally found in the late proximal tubule (NaCI, 125 mM; NaHCO3, 15 mM; KCI, 4 mM; MgCl2, 1 mM; Na2HPO4, 1.62 mM; and NaH2PO4, 0.38 mM). In addition, 0.1% Hercules green dye #2 and 100 ACi/ml [methoxy-3H]inulin were added to the perfusion solution. The perfusion solution sodium concentration was 143.2 mM; potassium 4.0 mM; osmolality 278 mosmol/kg, and pH 7.0 (5% C02).
The [methoxy-3Hjinulin was dialyzed as described by Schafer et al. (26) .
The perfusion rate achieved in vivo was calculated from the rate of fluid flow in the early distal tubule, multiplied by the ratio of inulin concentrations in collected/perfusion fluids.
In a second series of experiments, designed to examine the effects of adrenalectomy and hormone replacement on sodium and potassium transport by the superficial distal tubule, loops of Henle were perfused as described above; then, fluid was collected first from the late distal tubule and next from the early distal tubule in the same nephron.
At the end of each experiment, silicone rubber (Canton Biomedical Products, Boulder, CO ) was injected into the distal tubule ofeach nephron studied. After the renal tissue was digested in 25% NaOH the rubber casts were dissected and the puncture sites were identified. Table I summarizes the results of these dissections. There were no differences in the site of collection, in either the early or late distal tubule, among the groups. Furthermore, the distance between collection sites was similar in all groups.
At the conclusion of each experiment, a sample of arterial blood was taken for the determination of plasma sodium and potassium concentration.
Morphometric analysis ofloops ofHenle
The ultrastructure of the cells in the thick ascending limb of Henle's loop was examined by morphometric and electron microscopic techniques. A second series of rats was used for this purpose and it included sham-control and adrenalectomized animals given vehicle, aldosterone, or dexamethasone for 10 d as for the first series. Methods of anesthesia 2. The loop of Henle refers to the nephron segment between the last surface convolution ofthe proximal tubule and the early distal collection site. The perfused segments include some of the S2 and S3 segments of the proximal tubule, the thin descending and thick ascending limb of the loop of Henle, the macula densa, and part of the distal convoluted tubule. The superficial distal tubule is also a heterogeneous epithelium and is composed of the distal convoluted tubule, connecting tubule, and initial collecting tubule (27) . and the procedure for fixation of the kidneys and processing the tissue for electron microscopic observation have been described in detail (27) .
In one series of experiments, designed to examine the cortical region of the thick ascending limb, kidneys were perfused with a modified Karnovsky's solution (27) , which adequately preserves the cells in the cortex. Because of the increase in tissue osmolality in the outer medulla, 0.4 M sodium chloride was added to the fixative solution when cells from the inner and outer stripe ofthe outer medulla were examined (28) . Fixation was considered as acceptable when the tubule lumina were patent and the cytological architecture was comparable with previous studies in the rat, and a normal appearance of mitochondria and nuclei was observed (29) . 5-7 thick ascending limbs from each region of the kidney (cortex and outer and inner stripes of the outer medulla) were photographed with a Zeiss lOB electron microscope and enlarged during printing to a final magnification of 10,000 times. To eliminate any possible observer bias, all sections were coded. The results from each animal represent a single observation. The following parameters were measured in each tubule by methods described in detail previously (27) : (a) surface density, which is the area of cell membrane to cell volume (Sv); (b) boundary length, which is the length of membrane (B); (c) tubule area (A); and (d) volume density of mitochondria, which is the ratio of the volumes of mitochondria/cell, times 100.
Analytical methods
Sodium and potassium concentrations in plasma were determined by flame photometry (model 443; Instrumentation Laboratory, Inc., Lexington, MA) and in tubule fluid samples by helium glow spectrophotometry (American Instrument Co., Silver Spring, MD).
[3H]Inulin radioactivity was measured by liquid scintillation counting.
Calculations
In microperfusion studies, net sodium and potassium transport rates by loops of Henle were calculated from the amount of each ion delivered by the perfusion pipette minus the amount collected by the collection pipette. For the distal tubule, net transport was calculated as the difference in the rate of delivery between the early and late tubule collection sites. Net water flux was the difference between the perfusion rate (see above) and collection rate. Net fluxes are positive for reabsorption and negative for secretion. Results for ion and water transport rates from tubules in each group of animals were pooled to obtain the mean values reported (n, number of tubules).
Statistical analysis involved a preliminary analysis of the data using a one-way analysis of variance. If there was a significant difference (P (20, 27) . All data are expressed as mean±SE.
Results
Systemic parameters. Table II summarizes some systemic data on the four groups of animals studied. Both the body weight at the time of study and weight gain during the 10 d after surgery were similar among the groups. Although plasma sodium concentration was unchanged, plasma potassium concentration was significantly higher in ADX and DEX than in controls and ALDO-treated groups. Mean arterial blood pressure was higher in the DEX group compared with the other three groups.
In a previous study we measured blood acid-base status and studied renal function in a group of similarly treated animals (20) . In that study only small differences in the acid-base status of the animals were noted. Specifically, plasma bicarbonate was 3 mM lower (P < 0.05) in the ADX and DEX animals than in the other two groups. Arterial pH and Pco2 were not statistically different. Glomerular filtration rate and urinary potassium excretion were similar in all groups during intravenous infusion of Ringer's solution. On the other hand, sodium excretion was increased in ADX and DEX compared with controls and ALDO groups.
Transport data: loop ofHenle. Tables III-V summarize the data for water, sodium, and potassium transport by the loop of Henle. The tubule perfusion rate and the percent recovery of inulin were similar in all groups of animals (Table III ). In contrast, the collection rate of fluid, the ratios of inulin in collected tubule fluid/perfusion fluid, and fluid reabsorption among the groups were significantly different. ADX significantly decreased fluid reabsorption. Whereas DEX did not produce a detectable increase in water reabsorption, ALDO significantly increased water reabsorption in ADX rats. However, ALDO did not restore reabsorption to control levels (Table III) .
Data on sodium reabsorption in the loop of Henle are summarized in Table IV and Fig. 1 . Net sodium reabsorption was reduced 33% by adrenalectomy from 1,977±67 pmol/min to 1,492±75 pmol/min. Whereas dexamethasone given to adrenalectomized rats did not significantly effect sodium reabsorption, aldosterone stimulated net transport to a value similar to that measured in controls. 21 .4±3.8 pmol/min in DEX (P < 0.01), the latter value remained significantly less than that in control and ALDO.
These alterations in potassium reabsorption were primarily the result of changes in the potassium concentration of tubule fluid. In control, potassium concentration in the early distal tubule was 3.5±0.2 mM, and it increased to 4.7±0.4 mM in ADX (P < 0.01). Both dexamethasone and aldosterone significantly decreased tubule fluid potassium concentration in adrenalectomized animals to 4.0±0.3 and 3.0±0.2 mM, respectively (P < 0.05). Potassium concentrations in ALDO and DEX animals were not statistically different from one another. Net water reabsorption, by the distal tubule, was also similar in all groups. As illustrated in Fig. 3 , ADX dramatically inhibited sodium reabsorption from 378.0±31.0 to 211.7±19.9 pmol/min. Both aldosterone and dexamethasone significantly increased sodium transport in adrenalectomized animals; however, only aldosterone increased reabsorption to control values.
ADX and adrenal corticosteroids also had a significant effect on potassium transport (Fig. 4 and The concentration of potassium in fluid entering the early distal tubule was altered by ADX and hormone replacement.
In both ADX and DEX, the concentration ofpotassium in early distal tubule fluid was significantly higher than in control and ALDO. However, the ratios ofpotassium in tubule fluid/plasma (Fig. 4) . Although potassium secretion was reduced along the distal tubule in ADX and DEX, the rate of potassium delivery to the end ofthe late distal tubule was similar in all groups (Table VII) . This resulted from a decrease in the rate of potassium reabsorption in the loop of Henle, which offset the reduction in potassium secretion by the distal tubule.
Discussion
The purpose of this study was to examine the regulation of sodium and potassium transport by the loop of Henle and distal tubule by physiological levels of mineralocorticoids and glucocorticoids. One of the main conclusions of this study is that chronic alterations in mineralocorticoid levels regulates sodium reabsorption in the thick ascending limb of Henle's loop. Thus, it is reasonable to conclude that the defect in the ability to concentrate the urine maximally during adrenal insufficiency results in part from a reduction in the aldosterone-dependent singleeffect of the counter current multiplier. Potassium reabsorption in the loop of Henle is also regulated by adrenal corticosteroids. Both classes of hormone stimulated potassium reabsorption in adrenalectomized animals, although only aldosterone restored reabsorption to normal.
In addition, the present study also demonstrates that alterations in mineralocorticoid hormones within the physiological range controls sodium reabsorption and potassium secretion in the distal tubule.
Sodium transport: loop of Henle. Several previous studies have also shown that sodium reabsorption in the loop of Henle is reduced by adrenalectomy, thereby increasing sodium concentration in early distal tubule fluid (4-7). Inasmuch as sodium reabsorption by the thick ascending limb of Henle's loop reduces sodium concentration in tubule fluid, due to the low osmotic water permeability of this segment ( 14) , it is concluded that the reduction of sodium transport in the loop of Henle, after adrenalectomy, occurs in part in the thick ascending limb. This conclusion is supported by the recent observations of Work and Jamison (30) , who found that adrenalectomy reduced sodium reabsorption by isolated and perfused rat medullary thick ascending limbs and that chronic aldosterone replacement (0.5 ,gg/100 g per day) increased reabsorption to normal rates.
The effects of hormone replacement on sodium transport in the loop of Henle in adrenalectomized rats have also been examined previously. When tubule flow rate was held constant by microperfusion, Murayama et al. (7) found that large acute doses of cortisol did not have a significant effect on solute reabsorption in the loop ofHenle. In contrast, in a more recent microperfusion study, dexamethasone increased sodium reabsorption in the loop of Henle; however, the physiological significance ofthis effect is questionable steroid was given chronically to adrenalectomized rats (5) . Under these conditions, with high plasma dexamethasone levels, the hormone binds to both mineralocorticoid and glucocorticoid receptors (1 1). Accordingly, it is not certain whether dexamethasone stimulated transport through binding to the glucocorticoid or mineralocorticoid receptor.
In a recent free-flow micropuncture study, in adrenalectomized rats, dexamethasone increased sodium reabsorption in the loop of Henle (8) . However, glucocorticoids increase glomerular filtration rate ( 12, 20) and hence the rate of fluid and sodium delivery to the loop of Henle, an effect that could have enhanced sodium reabsorption in the loop of Henle independent of adrenal corticosteroids ( 1 5, 16) .
In a previous study we found that the dose of dexamethasone used in the present study produced a plasma dexamethasone level of 20.7 nM (20) , a value that is 2-4 times higher than the dissociation constant of the renal glucocorticoid receptor (5-10 nM; 1 1, 20, 22) . In that study we also found that dexamethasone increased glomerular filtration rate in ADX animals to levels observed in adrenal-intact rats (20) . Thus, our inability to demonstrate a significant effect of dexamethasone on sodium reabsorption cannot be ascribed to an insufficient plasma level.
A few studies have examined the effects of aldosterone on sodium reabsorption by the loop of Henle, using free-flow micropuncture techniques. In these studies aldosterone was without effect (4, 6) . One possible explanation for these findings is that adrenalectomy and hormone replacement produce alterations in glomerular filtration rate, tubule flow rate, and changes in the composition of tubule fluid entering the loop of Henle (4-8). As stated above, these factors influence sodium reabsorption by the loop of Henle (19, 21) . Thus, alterations in these variables among experimental groups could obscure a direct, stimulatory effect of aldosterone on transport. In the present study, these factors were held constant by microperfusion, and aldosterone augmented sodium reabsorption in the thick ascending limb.
Four lines of evidence are consistent with the conclusion that aldosterone controls sodium reabsorption in the thick ascending limb. First, as discussed above, Work and Jamison (30) report that adrenalectomy reduces sodium reabsorption in the medullary thick ascending limb of rat and chronic aldosterone treatment restores transport to normal. Second, Farman and coworkers (31, 32) found a modest level of aldosterone-specific binding sites in the thick ascending limb in rat kidney. Third, Green, Harrington, and Valtin (33) have demonstrated that adrenalectomy reduces the generation of free water and that aldosterone, but not prednisolone, increased free water clearance. Finally, aldosterone administration to adrenalectomized animals increases the ability to concentrate maximally the urine, an action consistent with an effect on the thick ascending limb of Henle (1-3, 7) .
The results from biochemical studies on the thick ascending limb are also relevant. Adrenalectomy reduces the activity of Na,K-ATPase in both the cortical and medullary segments of the thick ascending limb (34) (35) (36) (37) (38) (39) (40) (41) . Although early studies indicated that aldosterone was capable of increasing the activity of Na,K-ATPase after adrenalectomy (36, 39, 40) , more recent studies have shown that dexamethasone but not aldosterone increases enzyme activity (34, 35, 38 (6) did not observe an effect of an aute infusion of aldosterone on potassium reabsorption in the loop of Henle. This latter observation contrasts with the results in the present study, in which chronic aldosterone treatment stimulated potassium reabsorption. The different conclusions may be related to the techniques used in these studies and to the length of exposure to the hormone. In the present study the initial flow rate and composition of fluid entering the loop of Henle were similar among all groups, whereas small differences in flow rate and the composition of tubule fluid were present between groups in the two aforementioned studies (6, 9) . Because flow rate is an important determinant of potassium as well as sodium transport in the loop of Henle, even small differences in these variables between experimental groups could obscure an effect ofthe hormone on transport (16) (17) (18) .
Ultrastructure: loop of Henle. Adrenalectomy had no apparent effect on the ultrastructure of the loop of Henle when examined both qualitatively and by morphometric analysis. Cell structure in the control state was similar to that reported by Kone et al. (29) .
In contrast to the lack of effect of adrenalectomy on the thick ascending limb, in a previous study we found that adrenalectomy sharply reduced the area ofthe basolateral membrane of principal cells in the initial collecting tubule (late distal tubule) ofrat (42). This change in cell structure correlated with a decline in the activity of Na,K-ATPase (35) and with a defect in the ability to reabsorb sodium and secrete potassium (20, 23) . Thus, the lack of a significant change in cell structure after adrenalectomy indicates that either adrenal hormones do not influence cell structure in this segment or that the effect of adrenalectomy was too small to be detected by morphometric analysis.
Sodium transport: distal tubule. Sodium reabsorption by the distal tubule was sharply inhibited by adrenalectomy and was restored to control values by aldosterone. This observation confirms previous studies (4, 6, 10, 19) and extends these investigations by demonstrating a direct stimulatory effect of physiological levels of aldosterone on sodium reabsorption.
Chronic, physiologic dexamethasone replacement also increased sodium reabsorption by the distal tubule, although the effect was less than that produced by aldosterone and the steroid did not restore transport to normal. In The distal tubule of the rat is a heterogeneous epithelium, and is composed of three segments: distal convoluted, connecting, and initial collecting (27) . Previous studies have demonstrated that sodium reabsorption and potassium secretion by the connecting and initial collecting tubule are stimulated by potassium adaptation, which increases plasma aldosterone (27) . Thus, it is likely that in the present study, aldosterone increased sodium and potassium transport in these segments of the distal tubule. Little is known about the function ofthe distal convoluted tubule: however, the available data suggest that aldosterone is without effect on sodium and potassium transport by this segment (19, 21, 27, 45) .
Conclusions
This study demonstrates that physiological levels of aldosterone regulate sodium reabsorption in the loop of Henle. In addition, the data suggest that the defect in the ability to concentrate the urine in adrenal-insufficient animals is due in part to a reduction in the aldosterone-dependent single effect of countercurrent multiplication. Both classes of adrenal corticosteroids stimulate potassium reabsorption in the loop of Henle. Finally, physiological levels of aldosterone regulate sodium reabsorption and potassium secretion by the distal tubule.
